A new approach to reduce gradient acoustic noise levels in EPI experiments is presented. Using multichannel RF receive coils, combined with SENSE data acquisition and reconstruction, gradient slew-rates in single-shot EPI were reduced fourfold for rate-2 and ninefold for rate-3 SENSE. Multislice EPI experiments were performed on three different scanner platforms. With 3.4 mm in-plane resolution, measuring 6 slices per second (12 slices with 2000 ms TR), this resulted in average sound pressure level reductions of 11.3 dB(A) and 16.5 dB(A) for rate-2 and rate-3 SENSE, respectively. BOLD fMRI experiments, using visually paced finger-tapping paradigms, showed no detrimental effect of the acoustic noise reduction strategy on temporal noise levels and t scores.
INTRODUCTION
In MRI, acoustic noise is generated when gradients are switched, which results in changing Lorentz forces on the gradient coil conductor (Mansfield et al., 1998) . Echo Planar Imaging (EPI) (Mansfield and Pykett, 1978) , a popular technique for functional magnetic resonance imaging (fMRI), generates high levels of gradient acoustic noise, particularly when used at high image resolution. The oscillatory switching patterns characteristic for EPI techniques drive an often intense spectrum of acoustic frequencies in the human auditory range. This can cause discomfort and distress for anyone inside or in the vicinity of the magnet, and ultimately pose an upper limit to the practically usable gradient slew rates and field strengths for EPI. Furthermore, in fMRI, subject discomfort and exposure to acoustic noise can interfere with the experiment and affect the brain activation under study (Cho et al., 1998; Shah et al., 2000) . This could be specifically problematic in studies of the auditory system, imposing restrictions on the design of the activation paradigm (Belin et al., 1999; Eden et al., 1998) .
There is a number of ways to reduce the sound pressure level (SPL) in MRI. These include modifications of the gradient coil design (Mansfield et al., 1995 (Mansfield et al., , 2001 , the mechanical characteristics of the gradient former, and specific mounting or packing and padding strategies of the gradients. In addition, sound-absorbing material can be attached to reflecting surfaces such as the cryostat and the scan room walls, ceiling and floor. At the patient, SPL reduction can be achieved by sound dampening devices such as earplugs and earphones, or by an active sound cancellation system (Goldman et al., 1989; McJury et al., 1997) . Furthermore, SPL can be reduced by specific design of shape and timing of the gradient waveforms (Hennel et al., 1990) . In this report, we propose the use of sensitivity encoding (SENSE) technology (Pruessmann et al., 1999) to reduce SPL in BOLD fMRI through slew-rate reduction. In combination with multi-element detector arrays, SENSE allows reduction of gradient switching through reduced sampling of k-space, leading to a reduced fieldof-view (FOV) in the acquired image. Aliasing artifacts are removed in post-processing by incorporating prior knowledge about B 1 -field distributions of the coil elements in the image reconstruction. Preliminary studies have demonstrated the feasibility of applying SENSE in fMRI to shorten the image acquisition time (Golay et al., 2000) and/or improve spatial resolution in BOLD fMRI at constant slew-rate (de Zwart et al., 2001; de Zwart et al., submitted) . In the following, gradient slew-rate reduction was achieved at constant image acquisition time and resolution.
MATERIALS AND METHODS
MRI experiments were performed on 1.5 T and 3.0 T GE Signa LX scanners (General Electric Company, Milwaukee, WI), both with cardiac resonator module (CRM) gradients (40 mT ⅐ m Ϫ1 , 180 T ⅐ m Ϫ1 ⅐ s Ϫ1 ), and a 1.5 T Siemens Magnetom scanner (Siemens Medical Systems, Erlangen, Germany) with Sonata gradients
. EPI with internal phase reference (Bruder et al., 1992; Yang et al., 1998) was performed using 40 ms TE, 2000 ms TR and 90°fl ip angle. For full k-space imaging (without SENSE acceleration), 12 4-mm-thick axial slices were collected with 1 mm interslice gap, 220 ϫ 165 mm 2 FOV, matrix size 64 ϫ 48 (anterior-posterior ϫ left-right) and 4 s dwell time. The EPI read-gradient, applied in the anterior-posterior direction, consisted of trapezoidal waveforms with flat portions of 124 s and ramps of 180 s duration, and a maximum amplitude of 26.7 mT ⅐ m Ϫ1 . This corresponds to maximum slew rates of 148.3 T ⅐ m Ϫ1 ⅐ s Ϫ1 . Slew-rates of other gradient waveforms, such as the blipped phase-encode gradient, the slice selection gradients, and crusher gradients, were all well below 150 T ⅐ m Ϫ1 ⅐ s Ϫ1 . The total duration of the EPI readout window, including acquisition of an additional echo used for phase correction, was 23.8 ms. Fifty percent of the ramps of the readout gradient was used for data sampling. Phase-encode blips were positioned on the remaining part of the readout gradient.
Rate-2 (2-fold undersampled) SENSE MRI (Pruessmann et al., 1999) was performed in the left-right direction using a FOV of 220 ϫ 83 mm 2 , a matrix size of 64 ϫ 24 (reconstructed to 220 ϫ 165 mm 2 FOV and 64 ϫ 48 matrix size, respectively), and a dwell time of 8 s. Compared to full k-space EPI, the readout gradient amplitude was reduced 50% to 13.4 mT ⅐ m Ϫ1 , and the readout gradient ramp time was doubled to 360 s, resulting in a maximum slew rate of 37.1 T ⅐ m Ϫ1 ⅐ s Ϫ1 . The acquisition time of the SENSE k-space matrix was identical to that of the full k-space matrix, however the total duration of the EPI train was slightly longer (24.6 ms) due to the acquisition of the internal phase reference line (49 echoes were acquired in conventional EPI, 25 echoes in rate-2 SENSE). For the SPL measurements, SENSE EPI was also performed at a SENSE rate of 3 (64 ϫ 16 acquired matrix size, 12 s dwell time), resulting in a maximum readout gradient strength of 8.9 mT ⅐ m Ϫ1 , and a maximum slew-rate of 16.5 T ⅐ m Ϫ1 ⅐ s Ϫ1 , which was one-ninth of the slew-rate of the full FOV acquisition. SENSE image reconstruction was performed as described earlier (Pruessmann et al., 1999) . Acoustic noise levels were measured in front of the scanner using a Sper Scientific (Sper Scientific Ltd., Scottsdale, AZ) sound pressure level meter, model 840029. The meter was used on A-scale weighting and "slow" response settings, the latter referring to the integration time. The A-weighted dBscale is a standardized measure for SPL, which accounts for the frequency response of the human ear. It is a logarithmic value, relative to a reference noise level, for which typically 2.0 ⅐ 10 Ϫ5 N ⅐ m Ϫ2 is used (an approximation for the lower hearing threshold for the average youth):
where P is the measured SPL, and P r the reference sound pressure level. An SPL-increase of 20 dB(A) is perceived as a 10-fold increased loudness. The meter was positioned approximately on-axis with the magnet, at about 3.5 m from magnet isocenter. This distance was chosen to minimize interference of the static field with the performance of the sound level meter. SPL measurements were performed with a 2-liter spherical phantom positioned in the head coil and with a foam pad for patient support in place. To determine the contribution of gradients other than the readout train on SPL, conventional EPI was also performed with the amplitude of the readout gradients set to zero. The fMRI sensitivity of conventional and SENSE EPI was compared in motor cortex activation studies. These experiments were performed with informed consent on the 1.5 T GE scanner on six normal volunteers, both male and female, ranging in age from 23.1 to 35.7 years (28.6 years on average), in accordance with an NIH-approved protocol (IRB approval number: 00-N-0082; last reviewed: March 29, 2002). A four-channel, dome-shaped head coil (Nova Medical Inc., Wakefield, MA) of gapped-element design (Ledden and Inati, 2001 ) was used for signal reception. A sequential finger-tapping activation paradigm, visually paced at 2 taps ⅐ s Ϫ1 (2 Hz), was used with 5 alternating rest and active stages of 30 s each. The paradigm was started after an initial (setup) scan period of 60 s.
Four fMRI runs were performed per subject, with two full k-space and two SENSE acquisitions performed in random order (on one of the volunteers only a single pair of data was acquired). In the SENSE fMRI experiments, on alternate time points, only even kspace lines (the lines 0, 2, 4, . . . of the corresponding full k-space) or odd lines (the lines 1, 3, 5, . . . of the corresponding full k-space) were measured . To derive coil sensitivity reference maps, full FOV images were reconstructed from two successive time-points and averaged. The first 10 time-points were discarded to ensure a steady-state condition for the MR signal. Object intensity and phase contrast were removed from the reference data using respectively a root-sum-of-squares (RSS) combined magnitude image and an RSS-weighted combined phase image (de Zwart et al., submitted). These steps were taken to remove high frequency phase and spatial signal intensity fluctuations, related to the object, which would negatively affect spatial smoothing and extrapolation of these relative coil sensitivity data. Note that the resulting images contain information about the relative differences in coil sensitivity, not absolute coil sensitivity, since no external reference (e.g., using a body coil image (Pruessmann et al., 1999) ) was used.
Following image registration (Thévenaz et al., 1995) , a quantitative measure of fMRI sensitivity was obtained by statistical analysis of the time-series data. For this purpose, multilinear regression was per-formed using four regressors: the stimulus function convolved with a hemodynamic response function; baseline intensity; a linear drift term; a "saw-tooth" function describing the possible signal intensity fluctuations in SENSE data (due to acquisition of "odd" or "even" lines on alternate time points). The hemodynamic response function was modeled as a truncated Gaussian function, delayed 5 s from the activation paradigm (Waldvogel et al., 2000) . The regression analysis returned statistical t scores, as well as the standard deviation of the difference between data and fit. The latter was used as a measure of temporal noise of the image intensity time course, in the following referred to as TSD.
For each subject, a single region-of-interest (ROI) in the primary motor cortex (PMC) area was selected based on anatomy. Voxels within this ROI, and with t values above 4.5 in any of the runs, were used to generate a "functional" PMC ROI (FPMC), over which t scores and TSD values were averaged. Table 1 shows the results of the SPL measurements during full k-space and SENSE EPI. SPL reductions with SENSE were substantial on all scanners and averaged 11.3 dB(A) and 16.5 dB(A) for rate-2 and rate-3 SENSE, respectively. The changes in SPL with SENSE are attributed primarily to the reduction in slew rate and gradient amplitude of the EPI readout gradient. A secondary effect of the application of SENSE was a change in pitch of the gradient sound due to increased echo spacing. This might also have affected the measured SPL levels. Eliminating the readout gradient resulted in SPL levels similar the levels obtained with rate-3 SENSE. Further reductions in SPL are expected for SENSE EPI performed at higher acceleration rates, or when using non-linear gradient ramps (e.g., sinusoidal). The SPL induced by the non-readout gradients in the conventional EPI sequence was assessed by turning off all read-out gradients and resulted in an average SPL-reduction of 16.4 dB(A). Interestingly, the 3.0 T SPL values were not much higher than the 1.5 T values, as would have been expected based on the twofold increased Lorentz forces at 3.0 T. Possible explanations are the differences in cryostat geometry, coil mounting and scan room layout and furnishing. These differences, as well as differences in gradient coil geometry, could also explain the higher SPL levels found with the Siemens 1.5 T as compared to the GE 1.5 T. Fig. 1 shows an example of fMRI data obtained with full k-space and SENSE acquisitions. Both methods show very similar results, confirming the feasibility of our acoustic noise reduction strategy. A more comprehensive evaluation is show in Table 2 , which summarizes the SENSE and full k-space t scores and TSD levels for the fMRI studies performed on six subjects. Average signal-to-noise ratio (SNR) in FPMC was 190.5, corresponding to an intrinsic noise level (ISD) of 0.52%. One pair of data was excluded on the basis of TSD, since TSD exceeded a threshold of 4 times ISD, suggesting significant motion that was not corrected for by image registration (confirmed by visual inspection of the data). No significant difference between SENSE and full k-space was found. The t scores averaged, respectively, 5.59 for conventional EPI and 5.81 for SENSE-EPI, and TSD levels averaged 1.37% and 1.29%, respectively. Noise amplification resulting from the SENSE image reconstruction is typically expressed as the SENSE g-factor (Pruessmann et al., 1999) . The g-factors are spatially varying and depend amongst others on coil configuration and SENSE reduction factor. In the experiments described here, the average g-factor in PMC was 1.04; a small (4%) increase in TSD would therefore be expected. On the other hand, TSD in SENSE might benefit from reduced motion sensitivity because of the reduced gradient switching and lower-amplitude gradients, which will reduce phase accumulation effects caused by tissue motion during EPI-readout.
RESULTS AND DISCUSSION
The similarity in TSD levels suggests that the sensitivity to detect brain activation is not significantly altered with the current application of SENSE. On the other hand, conventional applications of SENSE to reduce image distortions and blurring (Bammer et al., 2001) or increase spatial resolution (de Zwart et al., submitted) are likely to substantially increase TSD due to reduction in image SNR by a factor up to g ⅐ ͌R for a given spatial resolution (Pruessmann et al., 1999) , where R is the SENSE acceleration rate. The similarity in average t scores in FPMC indicates that brain activation was not significantly different with the altered data acquisition scheme and lower SPL level of SENSE. This finding might be task-dependent (Cho et al., 1998) and does not necessarily transfer to other activation paradigms and experimental conditions. fMRI studies with non-EPI techniques found constant activation levels (Elliot et al., 1999) or significant acti- Note. "Readout off " is the acoustic noise level measured in conventional EPI when readout gradients were turned off.
FIG. 1.
Comparison of a motor cortex activation study performed with conventional EPI and with reduced gradient acoustic noise using SENSE. Baseline intensity (a, b) or t score (c, d) are not substantially altered with SENSE (b, d) compared to conventional (a, c) EPI, while SPL was reduced 14.0 dB(A) on this platform. Statistical t maps were scaled from Ϫ10 to ϩ15. vation increases (Cho et al., 1998; Loenneker et al., 2001) with SPL reduction in somatosensory stimulation in humans, whereas another study in anesthetized animals (Burke et al., 2000) found activation decreases. It is expected that studies of the auditory system will benefit from SPL reduction due to reduced interference with activation paradigm. In summary, the reduction of acoustic noise levels available with SENSE-EPI allows improved subject comfort and improved presentation of the activation paradigm. The noise reduction obtainable with SENSE is not limited to EPI-fMRI, but can also be extended to other scan protocols, including those used for anatomical MRI.
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